Highlights
==========

\- The nuclear protein HMGB1 is a mediator for neurological conditions such as TBI, neuroinflammation, epilepsy and cognitive dysfunction.

\- HMGB1 could be a common functional biomarker of TBI, neuroinflammation, epileptogenesis and cognitive dysfunction.

\- Inhibiting the HMGB1/RAGE/TLR4 signaling axis could be a novel therapeutic strategy against several HMGB1 mediated conditions like TBI, neuroinflammation, epilepsy and cognitive dysfunction.

Introduction
============

Epilepsy is a serious neurological condition characterized by spontaneous and recurrent seizures ([@B82]) affecting people of all ages. Current anti-epileptic drugs (AEDs) only provides symptomatic relief rather than interfering with the disease mechanism, as well as one third of the patients are resistant to AEDs ([@B104]; [@B137]). Moreover, epilepsy imposes a burden by impacting several aspects of patients and family life. In addition, the burden is intensified due to the ranges of associated comorbidities such as cognitive dysfunctions, anxiety and depression. Hence, the development of novel biomarker which can predict and assess the disease condition as well as patient's outcome of the therapy against epilepsy is an unmet clinical need. As well as there is a pressing need of exploring new therapy against epilepsy which not only retard the seizure precipitation but also minimizes the associated comorbidities. In this regard, HMGB1 has emerged as a novel frontier and mounting number of preclinical studies targeting HMGB1 have been successful in diverse ranges of neurological conditions provoked by inflammatory responses ([@B139]; [@B158]; [@B3]).

High mobility group box 1 proteins are a family of DAMPs ([@B83]), which are highly conserved non-histone nuclear proteins and contributes to the architecture of chromatin DNA ([@B12]). HMGB1 acts as an inflammatory cytokine in response to epileptogenic insults ([@B63]). HMGB1 acts as a pathogenic inflammatory response to mediate ranges of conditions such as epilepsy ([@B85]), septic shock ([@B140]), ischemia ([@B65]; [@B141]), TBI ([@B97]), PD ([@B111]), AD ([@B39]), and MS ([@B2]). Structural evaluation of HMGB1 suggests that it exhibits two domains for DNA-binding, known as box A and box B, as well as C-terminal acidic tail comprised of repeating glutamic and aspartic acid residues ([@B129]; [@B9]). DAMPs can influence synaptic function in the brain regions such as the hippocampus, which is involved in hyperexcitability and cognitive decline in epilepsy ([@B104]). It has been reported that immediately after neuronal injury, there is a passive release of significant amounts of HMGB1 from the nucleus into the extracellular space ([@B112]).

High mobility group box 1 has several extracellular receptors such as RAGE, TLR9, TLR4, TLR2, integrin, a-synuclein filaments, proteoglycans, T-cell immunoglobulin and mucin domain (TIM-3), triggering receptor expressed on myeloid cells-1 (TREM1), cluster of differentiation 24 (CD24), C-X-C CXCR4, *N*-methyl-[D]{.smallcaps}-aspartate receptor (NMDAR) ([@B64]). Among these receptors, RAGE and TLR4 are the only receptors that are extensively studied and reported without doubt ([@B3]). HMGB1 initiates several cell responses including inflammation as well as mediate the activation of inflammatory process via binding with RAGE and TLR4 ([@B13]; [@B59]). During neuroinflammatory conditions, HMGB1 is actively released by neurons and glia cells upon inflammasome activation and in turn activates at least two PRRs, namely TLR4 and RAGE on target cells ([@B104]). Once released extracellularly, HMGB1 binds to the TLR4 and RAGE expressed by immune cells which leads to nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) mediated production of pro-inflammatory cytokines ([@B58]). Role of HMGB1 in the development and disease of central nervous system (CNS) has been well described ([@B31]) where contribution of HMGB1 to the neurogenesis in the early phase of brain development, in neurite extension as well as its dual role in neural development and neurodegeneration is well discussed. HMGB1 promoted neuronal differentiation of adult hippocampal neural progenitors via activation of RAGE/NF-κB suggesting the role of HMGB1 in maintaining and sustaining hippocampal neurogenesis ([@B88]).

A previous study reported HMGB1 translocation as the main culprit for TBI ([@B78]). Recently, HMGB1 has received greater attention for its role in epilepsy ([@B158]). It has been hypothesized that HMGB1 might be involved in epileptogenesis, especially through BBB disruption and induction of inflammatory processes though the precise mechanism remains still elusive. Several studies were previously conducted to determine the involvement of HMGB1 in the pathogenesis of epilepsy ([@B38]). HMGB1 plays a pivotal role in cognitive decline where HMGB1 is supposed to caused disruption of the BBB leading to cognitive deficits in aged rats ([@B50]). Interestingly, accumulating evidence suggests that neuroinflammation is highly associated with epilepsy and cognitive dysfunction after TBI and HMGB1 exhibits a key role as an initiator and amplifier of neuroinflammation as well as in neuronal excitation ([@B36]). [@B4] suggested that there is a high risk of epilepsy after TBI and epilepsy is associated with neurological comorbidities such as cognitive dysfunction ([@B100]; [@B104]).

Treatments based on HMGB1 antagonists via targeting extracellular HMGB1 have generated encouraging results in a wide number of experimental models though the clinical studies are yet to be reported. Anti-HMGB1 monoclonal antibodies (mAbs) have demonstrated beneficial effects on epilepsy and TBI. The therapeutic benefits of anti-HMGB1 mAb on epilepsy have been previously demonstrated in animal model of epilepsy ([@B38]). Potential neuroprotective effects of HMGB1 has been reported in few studies where anti-HMGB1 mAb prevented intracerebral hemorrhage (ICH)-induced brain injury ([@B139]).

Interestingly, HMGB1 has been associated with all of the neurological conditions previously outlined (**Figure [1](#F1){ref-type="fig"}**). Neuroinflammation is the mediator of damage in TBI, epileptogenesis and cognitive decline are the post-TBI events. This makes worth further exploring the HMGB1 and the rationale behind the current review is to explore the potential of HMGB1 as a common biomarker and potential target for several neurological phenotypes discussed in this review. In spite of its proven role in TBI, neuroinflammation, epilepsy and cognitive decline there has been little interest in exploring HMGB1 as a common target and biomarker for those conditions. The preclinical and clinical evidences discussed herein strengthens HMGB1 to stand as a promising candidate to be the common biomarker and treatment target for the neurological conditions where neuroinflammatory pathway plays a central role. Hence, this review summarizes recent advances and discuss these emerging findings to explore the potential of HMGB1 as a common biomarkers and treatment target which could pave the way in developing therapies with broad application modifying the disease progression.

![Interlinkage of HMGB1 with TBI, neuroinflammation, epilepsy and cognitive dysfunction. The HMGB1 contributes to the pathogenesis of TBI, neuroinflammation, epilepsy, and cognitive dysfunction through a putative mechanism outlined in this figure.](fnins-12-00628-g001){#F1}

Neuroinflammation as a Prime Driver of TBI, Epilepsy and Cognitive Decline?
===========================================================================

Neuroinflammation is the key component of neuropathology after TBI and contributes to the chronic neurodegeneration and neurological impairments associated with TBI ([@B69]). This is supported by gene profiling studies which show that genes related to neuroinflammation are upregulated after brain injury ([@B67]) and elevated levels of the inflammatory cytokines TNF-α, TGF-β, and IL-1β are expressed after TBI ([@B92]; [@B28]). Several experimental and clinical evidences support the role of inflammatory mediators as the origin of both seizures and epileptogenesis ([@B133]; [@B117]). Brain inflammation contributes to the generation of individual seizures as well as cell death, which in turn contributes to the development of seizures via activation of inflammatory pathways ([@B132]). Moreover, there is evidence which highlights that inflammation can be a cause as well as consequences of epilepsy ([@B132]).

Traumatic brain injury incites a neuroinflammatory axis in the brain which perpetuates neurodegeneration and increases the chances of initiating epileptogenesis ([@B144]) However, the probability of developing epilepsy after TBI varies from 4.4% to 53% ([@B37]) and becomes more likely with a higher injury severity and a younger age at injury ([@B11]). Neuroinflammation is a contributing factor to the pathophysiology of post-TBI epileptogenesis ([@B107]). Neuroinflammation can alter the BBB permeability directly via cytokine aided activation of metalloproteinase or via disruption of tight junctions ([@B45]; [@B126]), though the precise mechanism remains elusive. It is worthwhile to note that although neuroinflammation is typically provoked after a series of epileptogenic brain injuries, the proportion of patients developing the disease is small ([@B130]). The pivotal role of neuroinflammation in cognitive dysfunction has been reported but the underlying molecular mechanism are not yet known. However, there are insights regarding certain inflammatory pathways underlying hyperexcitability and excitotoxicity that can promote cognitive decline ([@B130]).

In recent days, research using experimental and clinical models has focused on the pathogenesis of how HMGB1 proteins contributes to TBI, neuroinflammation, epilepsy and cognitive decline. Such research has sought to pave the way to understand how these mechanisms can be interfered to develop therapies for the aforementioned neurological conditions. Moreover, accumulating evidence reported beneficial effects on evaluating anti-HMGB1 mAb and HMGB1 inhibitors against TBI, neuroinflammation, epilepsy, and cognitive decline. We will therefore discuss the outcomes of such experimental and clinical experiments in an individual pattern.

Role of HMGB1 in TBI
====================

TBI is an insult to the brain through any external mechanical force ([@B144]), which makes TBI a devastating and intractable cause of worldwide morbidity and mortality. Survivors live the rest of their lives with cognitive, motor, behavioral or speech and language disabilities ([@B108]). However, the pathophysiology of TBI is still elusive and a tremendous research must be made to explore the progression of neurodegeneration and the ensuing inflammatory processes ([@B99]). It is currently unavailable to attenuate the pathological process of TBI and improve neurological deficits ([@B61]). TBI involves a primary insult known as structural damage due to any external mechanical force which is followed by a secondary injury including a multitude of neuroinflammatory phenomena such as excitotoxicity, oxidative stress and apoptosis ([@B144]). These processes begin within minute after TBI and can persist for months to years and is suspected to contribute to the expansion of tissue damage ([@B53]).

During TBI, HMGB1 is released via the *N*-methyl [D]{.smallcaps}-aspartate receptor subtype 2B (NR2B)-mediated mechanism from necrotic neurons ([@B108]). HMGB1 mediates sterile inflammation and provokes macrophages and endothelial cells to release TNF-α, IL-1, and IL-6 by binding with RAGE and TLR4. This binding further activates the NF-κB pathway and facilitates the upregulation of HMGB1 and the expression of pro-inflammatory mediators ([@B43]). In addition, neuroinflammatory processes mainly mediated by activated microglia and astrocytes are crucial for the initiation and progression of TBI ([@B77]). TBI induces a series of events including BBB breakdown, brain edema, upregulation of tight junction proteins (TJPs), expression of inflammation related molecules ([@B151]). TLR4 has been linked with TBI where TLR4 mediates glial phagocytic activity and inflammatory cytokines production ([@B61]) and plays an important role in inflammatory response and brain injury ([@B30]). Once HMGB1 is released into the extracellular settings following TBI, it binds to transmembrane major mediators of the inflammatory response, TLR2, TLR4, and RAGE ([@B150]). Excessive inflammation resulting from activation of the HMGB1/TLR4 pathway in the brain has been implicated in TBI and ischemia-reperfusion injury ([@B152]). However, the mechanistic interlinkage between intracellular danger signaling, which involves the nuclear chromatin-binding factor, HMGB1 and inflammatory pathways after TBI is not yet fully understood ([@B99]). There is an increased understanding that TBI may induce activation of HMGB1/TLR4/RAGE/NF-κB signaling pathway and inflammatory cytokine expression, which would induce and/or aggravate the secondary brain injury where HMGB1 is supposed to implicate a critical role in promoting inflammation and aggravating damage after TBI ([@B146]) (**Figure [2](#F2){ref-type="fig"}**). Several HMGB1 inhibitors have demonstrated protective effect against TBI via inhibiting HMGB1/TLR4/NF-κB pathway activation ([@B121]), and by reducing HMGB1/RAGE interaction ([@B96]).

![Mechanism of HMGB1 release via brain injury. HMGB1 translocation results from brain injuries and epileptogenesis. Dying cells, neurons and glia are responsible for the release of extracellular HMGB1 which can be partially oxidized. Neuronal excitability is enhanced via the mediation of pro-inflammatory activities through the activation of TLR4 signaling by disulphide HMGB1. The stabilization of HMGB1 in its disulphide form is promoted by the generation of ROS. HMGB1 via activating receptors RAGE and TLR4 leads to neuronal cell loss, neuroinflammation, epilepsy, and cognitive dysfunction ([@B104]).](fnins-12-00628-g002){#F2}

Inhibition of HMGB1 expression and the TLR4/NF-κB pathways exhibits protective effects in animal model of TBI. HMGB1 inhibitors (glycyrrhizic acid) attenuated TBI by inhibiting the classically activated microglia/macrophages (M1) phenotype activation and promoting the alternatively activated microglia/macrophages (M2) phenotype activation of microglia/macrophages, via the inhibition of HMGB1 and suggest that targeting of HMGB1 to modulate the microglia/macrophage polarization might be a potential approach for TBI ([@B42]). Similar line of results has been reported where anti-HMGB1 mAb improved neurological deficits in ICH-induced brain injury. Anti-HMGB1 mAb inhibited the release of HMGB1 into the extracellular space in the peri-hematomal region, reduced serum HMGB1 levels and decreased brain edema by protecting BBB integrity, in association with decreased activated microglia and the expression of inflammation-related factors at 24 h after ICH ([@B139]). Neuroprotective effects of TLR4 knockdown has emerged as a promising approach for TBI. TLR4 knockdown ameliorated neuroinflammatory response and brain injury after TBI and suppressing autophagy induction and astrocyte activation is postulated the main mechanism behind the neuroprotective effects of TLR4 ([@B61]). Data obtained from western blot analysis in an experimental study reported the release profile of HMGB1 and RAGE after TBI where HMGB1 was released as soon as 30 min after TBI and a decline in its expression was noted between 1 and 6 h after TBI. However, the expression level of RGAE was elevated at 6 h after TBI and reached its peak after 1 day (**Table [1](#T1){ref-type="table"}**) ([@B43]). An immunostaining study reported that septic brain injury results in increased HMGB1 cytoplasmic translocation in neurons (**Table [1](#T1){ref-type="table"}**) ([@B78]). A few studies have reported a noteworthy elevation of HMGB1, IL-1β, and TNF-α levels in serum as estimated by an enzyme linked immunosorbent assay (ELISA) kit in an experimentally induced TBI model in rabbits ([@B91]). However, ELISA analysis does not precisely differentiate between release pattern of HMGB1 either by necrosis, or from macrophages and monocytes, or a combination of both ([@B7]).

###### 

Summary of findings reporting HMGB1 in TBI.

  S.N.   Intervention     Model   Mechanism                                                               Observations                                                                                        Reference
  ------ ---------------- ------- ----------------------------------------------------------------------- --------------------------------------------------------------------------------------------------- -----------
  1\.    HMGB1            Rat     • Inhibition of HMGB1 expression and TLR4/NF-κB pathway                 ↓ Reduced expression of HMGB1 and TLR4                                                              [@B121]
                                                                                                          • Improved motor function and lessened brain oedema                                                 
  2      Anti-HMGB1 mAb   Rat     • Protection against BBB disruption                                     • Inhibition of translocation of HMGB1, protection of BBB permeability                              [@B97]
                                  • Inhibition of the inflammatory responses                                                                                                                                  
                                                                                                          • Downregulation of inflammatory molecule expression                                                
                                                                                                          • Improvement of motor function                                                                     
  3      HMGB1            Rat     • Interference with HMGB1 and RAGE interaction                          • Inhibited the ↑ in BBB permeability and impairment in motor functions                             [@B96]
                                  • Inhibition of the expressions of TNF-a, IL-1β, and IL-6                                                                                                                   
                                                                                                          • Inhibition of translocation of HMGB1 in neurons at the site of injury                             
  4      Anti-HMGB1 mAb   Rat     • Protecting BBB integrity                                              • ↓ Release of HMGB1 to the extracellular space in the peri-hematomal region                        [@B139]
                                  • ↓ Expression of inflammation-related factors                                                                                                                              
                                                                                                          • ↓ Serum HMGB1 levels and brain edema through maintaining BBB integrity                            
  5      HMGB1            Rat     • Downregulation of sepsis-induced RAGE and NF-κBp65 expression         • HMGB1was ↑ in the cytoplasm via translocation                                                     [@B78]
                                                                                                          • RAGE and NF-κβ p 65 were up regulated after brain injury                                          
                                                                                                          • HMGB1 and its signaling transduction have a key role in the pathogenesis of septic brain injury   
  6      HMGB1            Human   • Targeting HMGB1/RAGE signaling                                        • HMGB1 disappeared or translocated from the nucleus to the cytoplasm at early stages after TBI     [@B43]
                                                                                                          • RAGE expression ↑ after TBI                                                                       
  7      HMGB1            Human   • Activation of microglial TLR4 and the subsequent expression of AQP4   • Peak CSF HMGB1 level in human TBI was within 0--72 h.                                             [@B71]
                                                                                                          • HMGB1 released from necrotic neurons through a NR2B-mediated mechanism                            

S.N., serial number; ↑, increased; ↓, decreased; HMGB1, high mobility group box 1; TRL4, Toll like receptor 4; RAGE, receptor for advanced glycation end products; NF-κB p 65, nuclear factor kappa-light-chain-enhancer of activated β cells p 65; IL-6, interleukin-6; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; BBB, blood--brain barrier; TBI, traumatic brain injury; CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; ICP, intra-cranial pressure; NR2B,

N

-methyl

D

-aspartate receptor subtype 2B; AQP4, astrocytic water channel aquaporin-4

.

High mobility group box 1 A-box fragment, an antagonist competing with HMGB1 for receptor binding, significantly ameliorated the BBB breakdown and brain edema induced by controlled cortical impact (CCI), and these effects were associated with the decrease in expressions of inflammation-related factors as well as improved neurological functions ([@B151]). Ethyl pyruvate (**Table [1](#T1){ref-type="table"}**) ([@B121]) and omega-3 polyunsaturated fatty acid supplementation ([@B18]) has demonstrated its effectiveness against TBI via inhibition of the HMGB1/TLR4/NF-κB pathway. Evaluation of anti-HMGB1 mAb therapy against TBI in rats reported that anti-HMGB1 mAb remarkably inhibited fluid percussion-induced brain edema in rats, which was associated with an inhibition of HMGB1 translocation, protection of BBB architecture, downregulation of inflammatory molecule expression, and improvement in motor function (**Table [1](#T1){ref-type="table"}**) ([@B97]). Increased inhibition of the expression of HMGB1 signaling axis, with RAGE and TLR4, NF-κB DNA binding and downstream inflammatory cytokines were reported on glycyrrhizin treatment ([@B96]).

The literature review ranging from human to animal studies suggests an important association between TBI and increased levels of HMGB1 in serum and cerebrospinal fluid (CSF) ([@B96]). In addition, emerging data reported HMGB1 in the CSF of subarachnoid hemorrhage (SAH) ([@B94]) and in the serum of ICH ([@B159]) highlighting as a potential biomarker of neurological outcome. Nevertheless, the clinical output of HMGB1 antagonist against several forms of brain injury is yet to be reported. Similar line of evidence were observed in which HMGB1 is associated with increased levels of intracranial pressure (ICP) in patients and promoted cerebral edema after TBI where the detrimental effects of HMGB1 are mediated through the microglial TLR4 activation and the expression of the astrocytic water channel aquaporin-4 (AQP4) ([@B108]). HMGB1 plasma levels were reported to increase within 30 min after severe trauma in humans and suggested a correlation between plasma levels of HMGB1 with early post-traumatic coagulopathy and severe systemic inflammatory response ([@B22]). There was a 30-fold increment of plasma HMGB1 levels after trauma, as compared to normal controls during a 1-h period of injury which provides insights regarding the post-injury elevation levels of HMGB1 in human ([@B101]) However, the study did not report any correlation between HMGB1 levels and the patients' outcome. Furthermore, a compelling relationship between plasma HMGB1 absorption and the severity of acute TBI was unraveled and correlation between Glasgow Coma Scale score and HMGB1 levels were reported, which can serve as prognostic information in patients with severe TBI ([@B142]). Higher CSF HMGB1s level are considered as an important biomarker to predict outcome after pediatric TBI ([@B7]).

The pathophysiology behind the complex inflammation cascades secondary to TBI is not yet fully understood. However, resulting injuries and outcomes after TBI have been studied in the past and have suggested HMGB1 to be a major player in disease progression as well as a potential therapeutic target to reduce the injuries and improve outcome following TBI. As well as the current biomarkers of TBI such as glial fibrillary acidic protein (GFAP) and S100B ([@B135]) are limited by low sensitivity, predictivity, and specificity ([@B89]). In this regard, due to its profound role in TBI pathology and inflammatory pathways post-TBI, HMGB1 appears to be a promising candidate which can be used as a prognostic marker of TBI. Moreover, downregulating HMGB1/RAGE/TLR4/NF-κB axis might be a novel strategy against TBI which could attenuate the neurological functions as well.

Role of HMGB1 in Neuroinflammation and Related Pathologies
==========================================================

Neuroinflammation is considered as an innate immune responses in the CNS, which is triggered in response to several inflammatory signals such as pathogen infection, injury or trauma, which might ultimately result in neurotoxicity ([@B120]). Microglia are known as the predominant innate immune cell in the CNS and are thus considered a pivotal mediator of neuroinflammatory processes ([@B44]). Microglia express TLRs, in particular TLR4 ([@B103]), and are reported to mediate the pro-inflammatory effects of HMGB1 in peripheral innate immune cells ([@B148]). Disulphide form of HMGB1 (ds-HMGB1) potentiates the microglia pro-inflammatory response to an immune challenge suggesting that acute increases or exposure to ds-HMGB1, as may occur during acute stress or trauma, might induce a primed immune phenotype in the CNS, which may lead to an exacerbated neuroinflammatory response if exposure to a subsequent pro-inflammatory stimulus occurs ([@B35]). There is an increased understanding that HMGB1 mediates inflammatory and immune reactions in CNS and emerging evidence reveals that HMGB1 plays an essential role in neuroinflammation through receptors such as TLR, RAGE, and NMDAR ([@B138]). Moreover, HMGB1 induces RAGE and TLR4 mediated neuroinflammation and necrosis after injuries such as lesions in the spinal cord and brain ([@B31]). HMGB1 mediates inflammation by activating the innate immune receptors during sterile injury, in a similar manner to activation by PAMPs ([@B149]). The BBB is a special microvessel structure in the CNS, consisting of microvascular endothelial cells sealed by tight junctions. Its permeability is closely related with degeneration, injury and inflammation of the CNS ([@B55]). Similar line of study shows that damaged BBB correlates directly with neuroinflammation involving microglial activation and reactive astrogliosis, which is associated with increased expression and/or release of HMGB1 ([@B32]). In an experiment evaluating the contribution of extracellular, cerebral HMGB1 (in absence of other DAMPs) in its disulphide or fully redox form to neuroinflammation demonstrate that ds-HMGB1 and fully redox HMGB1 (fr-HMGB1) function as pro-inflammatory mediators in the CNS, promoting BBB disruption and cytokine production ([@B8]). Thus, anti-neuroinflammation and maintenance of BBB integrity may be potential targets for neuroprotection ([@B20]). Increasing evidence suggests that selective targeting of CNS inflammation is a viable strategy for interfering disease onset or progression for a number of neurodegenerative disorders where neuroinflammation is the key player ([@B54]). Despite the deteriorating role of neuroinflammation in many neurological diseases, the number of existing anti-inflammatory drugs is quite limited because of insufficient efficacy or undesired side effect ([@B24]). HMGB1 has emerged has a novel frontiers due to its plausible role in neuroinflammation ([@B73]) as well as in inflammatory diseases ([@B48]) where the causal role for HMGB1 in a range of non-degenerative neuroinflammatory conditions has been well reported. Moreover, HMGB1 blocking therapies have proven to be highly beneficial, demonstrating remarkable neuroprotection in several neuroinflammation models ([@B65]).

Inflachromene (ICM), a microglial inhibitor possessing anti-inflammatory effects via binding with HMGB1 blocks the sequential processes of cytoplasmic localization and extracellular release of HMGBs by perturbing its post-translational modification as well as downregulates pro-inflammatory functions of HMGB and reduces neuronal damage *in vivo* demonstrating its potential against neuroinflammatory diseases ([@B73]). HMGB1 binds with lipopolysaccharides (LPS) and IL-1 to initiate and synergize TLR4-mediated pro-inflammatory response and immediately after pro-inflammatory stimulation by LPS, TNF-α, IL-1, IL-6, and IL-8, HMGB1 is released from activated monocytes and macrophages ([@B155]). The regulation of HMGB1 secretion is crucial for the regulation of HMGB1 mediated inflammation and is dependent on various processes such as phosphorylation by calcium-dependent protein kinase C ([@B95]). HMGB1 acts as a novel pro-inflammatory cytokine-like factor and regulates excitotoxicity-induced acute damage processes and delayed inflammatory mechanisms in the post-ischemic brain of Sprague Dawley (SD) rats (**Table [2](#T2){ref-type="table"}**) ([@B65]). Elevation of HMGB1 in brain was measured in several non-degenerative neuroinflammatory condition such as ethanol exposure ([@B160]), and stress-induced neuroinflammatory priming ([@B143]). Neuroinflammation contributes to the progression of several neurodegenerative diseases including PD ([@B123]) and AD ([@B52]). Blocking the neuroinflammatory pathways in these neurodegenerative diseases will exerts neuroprotection against these diseases. Anti-HMGB1 mAb has inhibited the activation of microglia, prevents BBB breakdown, and inhibit the expression of inflammation cytokines such as IL-1β and IL-6 in an experimental model of PD demonstrating its neuroprotective effects possibly via suppressing neuroinflammation ([@B111]). Glycyrrhizin attenuated neuroinflammation, cognitive deficits, microglial activation related over-expression of pro-inflammatory cytokines in the hippocampus induced by LPS showcasing its therapeutic potential against neurodegenerative diseases like AD ([@B119]).

###### 

Summary of findings reporting HMGB1 in neuroinflammation mediated conditions.

  S.N.   Intervention   Model   Mechanism                                                                         Observation                                                                                                                           Reference
  ------ -------------- ------- --------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------- -----------
  1\.    HMGB1          Rat     • Delayed inflammatory processes by extracellular HMGB1                           • HMGB1 was released during the excitotoxicity-induced acute damaging process                                                         [@B65]
                                                                                                                  • Extracellular HMGB1 provokes inflammatory processes and acts like a novel pro-inflammatory cytokine-like factor                     
  2      HMGB1          Mice    • Activation of NF-κB and NADPH oxidase by HMGB1 via binding with Mac1            • HMGB1-Mac1-NADPH oxidase signaling cascades connects chronic neuroinflammation and dopaminergic neurodegeneration                   [@B41]
  3      HMGB1          Rat     • HMGB1 acted as an early pro-inflammatory cytokine                               • HMGB1 released into the cytoplasm soon after ICH                                                                                    [@B75]
                                                                                                                  • Mediate inflammation during the acute phase of ICH                                                                                  
  4      HMGB1          Rat     • Inflammatory responses produced via HMGB1/TLR4/NF-κB signaling                  • HMGB1 ↓ the release of IL-6 and TNF-α                                                                                               [@B125]
                                                                                                                  • HMGB1 inhibited activation of NF-κB in the developing brain                                                                         
  5      HMGB1          Rat     • Regulation of age-related priming of the neuroinflammatory responses by HMGB1   • HMGB1was ↑ in aged rodent brains and CSF                                                                                            [@B33]
                                                                                                                  • Blocking HMGB1 "desensitized" microglia in the aged brain and prevent pathological infection-elicited neuroinflammatory responses   

S.N., serial number; ↑, increased; ↓, decreased; HMGB1, high mobility group box 1; ICH, intracerebral hemorrhage; Mac1, macrophage antigen complex 1; CSF, cerebrospinal fluid; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TLR4, Toll like receptor 4; RAGE, receptor for advanced glycation end products; IL-6, interleukin-6; NADPH, nicotinamide adenine dinucleotide phosphate hydrogen

.

Multiple sclerosis is an autoimmune-mediated chronic, inflammatory, demyelinating disease of CNS characterized by axonal damage ([@B23]). Experimental autoimmune encephalomyelitis (EAE) is the most reliable experimental model of MS ([@B90]). HMGB1 is receiving increasing attention in autoimmune disorders including MS. The very first study unraveling the role of HMGB1 in the pathophysiology of MS reported increased numbers of macrophages with cytoplasmic HMGB1 in active lesions ([@B2]) and suggest HMGB1 as a novel biomarker of inflammatory demyelinating disease. Several researches has emerged on the base of earlier studies and suggest that the expression and release of HMGB1 are remarkably elevated in several stages of EAE where HMGB1 expression pattern is dynamically changed during the progression of EAE, as well as validated HMGB1 as a key mediator of EAE pathology ([@B122]). Targeting HMGB1 locally might exhibits therapeutic potential against EAE which can attenuate the disease severity and incidence as well as delayed disease onset time ([@B109]). Neutralization of HMGB1 appears to be a novel strategy against MS as evidenced by an experimental study of MS, where anti-HMGB1 mAb ameliorated clinical severity, reduced CNS pathology, and blocked the production of pro-inflammatory cytokine ([@B127]).

Amyotrophic lateral sclerosis (ALS) is a non-demyelinating neurodegenerative disease characterized by increased neuronal loss and enhanced neuroinflammation, with extensive activation of glial cells and microglia stimulation releasing pro-inflammatory molecules, ROS, and nitric oxide ([@B105]). Neuroinflammation is postulated as a pathological hallmark of ALS ([@B76]), and HMGB1 has been extensively studied in ALS due to its putative involvement in the pathology of ALS which is elusive yet. However, the elevated level of HMGB1 in the spinal cord of transgenic mice (SOD1G93A transgenic mice) were observed and reported that HMGB1 may have a role in the progressive inflammatory and neurodegenerative processes in response to the neurotoxic environment present in the spinal cord of SOD1G93A mice rather than to be involved as a primary event in the motor neuron death ([@B21]).

Withaferin A in an animal model of HMGB1-induced inflammatory responses suppressed the production of IL-6, TNF-α and the activation NF-κB by HMGB1 ([@B74]). HMGB1 acts a pathogenic factor in many inflammatory conditions including experimental arthritis models ([@B114]). HMGB1 has been observed to be a key mediator of intestinal inflammation in non-alcoholic fatty liver disease (NAFLD) via RAGE and redox signaling ([@B15]). Another study reported that liver inflammation in diabetic mice was improved via regulation of the HMGB1/TLR4/NF-κB signaling pathway ([@B154]). Taken together, these results clearly highlight HMGB1 as a key mediator in several inflammatory diseases and suggest that HMGB1 exhibits therapeutic potential against these HMGB1 mediated inflammatory disease. Evaluating the ameliorative effects of glycyrrhizin on SAH in a rat model significantly improved neurological scores, reduced HMGB1-positive cells, downregulated mRNA and protein levels of HMGB1, inhibited BBB permeability, and attenuated neuronal cell death and apoptosis after SAH, suggesting it as a promising candidate for brain inflammation ([@B57]).

The result obtained from human studies on MS patients corroborated with the experimental studies where HMGB1 and its receptors (RAGE, TLR2, and TLR4) were up-regulated in CSF of MS patients implicating that RAGE, TLR2, and TLR4 actively participate in an inflammatory, innate immune response driving and shaping the ensuing adaptive immune response during MS ([@B2]). In clinical studies in patients with ALS, activation of TLR/RAGE signaling pathways were observed as evidenced by the elevated expression of HMGB1 and its receptors in reactive glia in human ALS spinal cord. The activation of these pathways might contribute to the progression of inflammation, resulting in motor neuron injury ([@B14]). In addition, serum HMGB1 auto antibody (Ab) has been suggested as a biomarker for the diagnosis of ALS and can be used to monitor disease progression ([@B56]). High level of HMGB1, IL-6, and IL-17A has been detected in CSF of patients with an anti-NMDA receptor (NMDAR) encephalitis (neuroinflammatory disorder) ([@B1]), reflecting the underlying neuroinflammatory processes but does not report any precise role of HMGB1 in disease pathology. Clinical study performed on patients with AD and mild cognitive impairment (MCI) observed enhanced BBB permeability by HMGB1 and suggest HMGB1 as a clinical biomarker as well as validates HMGB1 as a non-invasive biomarker of BBB dysfunction and neuroinflammation which can assess the progression of neurodegeneration in AD and MCI patients ([@B32]).

On the ground of evidences highlighted above, HMGB1 has been implicated in ranges of neuroinflammatory diseases as well as inflammation mediated disorders and HMGB1 exhibits huge potential to be a reliable biomarker for neuroinflammation related pathologies. On the positive note, beneficial effects of targeting HMGB1 in brain inflammation related pathologies is well documented. Extensive exploration to innovate therapeutic strategy to attenuate uncontrolled neuroinflammation triggered by HMGB1 is a pressing need.

Role of HMGB1 in Epilepsy
=========================

Epileptogenesis is described as complex structural changes in the brain that convert a normal brain into a brain debilitated by recurrent seizure activity ([@B118]). Neurodegeneration ([@B102]; [@B106]), disruption of BBB ([@B10]), the amygdala ([@B5]), the glutamatergic system ([@B5]), oxidative stress ([@B6]), and epigenetic modification of DNA ([@B49]) are all involved in epileptogenesis and aggravates the process (**Figure [3](#F3){ref-type="fig"}**).

![Array of factors contributing to epileptogenesis. Much is unknown about the precise mechanism of epileptogenesis making it difficult to design and develop new therapies. But there is an increased understanding that brain injury, BBB disruption, neurodegeneration, oxidative stress, epigenetic DNA modification and pathology of amygdala contribute and aggravate the epileptogenesis.](fnins-12-00628-g003){#F3}

Due to the lack of disease modifying effect in mainstream AEDs, precise understanding of diseases pathology and developing novel therapeutic approach for epilepsy-related hyperexcitability is a current need. Searching for molecular mediators of epileptogenesis in animal models, much attention has been paid to the potential pathogenic role of HMGB1 in the generation and recurrence of seizures ([@B63]; [@B153]). In spite of tremendous advancement in research, the pathogenesis of epilepsy is still complex, however, brain inflammation is supposed to play the role ([@B107]). There is mounting evidence which report that neuroinflammatory processes in the pathophysiology of seizures/epilepsy and HMGB1 were found to behave like an inflammatory cytokine in response to epileptogenic insults ([@B63]). Glial cells activation has been reported to serve an important role in the development of epilepsy and HMGB1 may mediate microglial activation via the TLR4/NF-κB signaling pathway during seizures ([@B116]). HMGB1 activates IL-1R/TLR signaling in neurons and has a key role in seizure generation and recurrence via rapid sarcoma family kinases catalyzed phosphorylation of NMDA-NR2B receptors ([@B131]). As well as, HMGB1 serves a key role in epileptogenesis via microglial activation, via TLR4-NF-κB signaling pathway activation ([@B116]). An array of investigation has reported the role of HMGB1 in seizure but the precise mechanism on how HMGB1 leads to seizure generation is not documented well. HMGB1 released from glia and neurons and its signaling with TLR4 are suggested in generating and perpetuating seizures, the suggestion was based on the anti-convulsant activity of TLR4 inhibitors and Box A, a competitor of endogenous HMGB1 but the study lacks detailed mechanism how HMGB1/TLR4 axis leads to seizure generation ([@B85]). Although HMGB1 activates both TLR4 and RAGE, the role of RAGE in seizures is less prominent than that of TLR4 ([@B59]).

Mesial temporal lobe epilepsy (MTLE) is a most common refractory focal epilepsy syndromes ([@B98]) and role of HMGB1 in the pathogenesis of MTLE remains unknown. Experimental MTLE study reported significant upregulation of HMGB1 and TLR4 gene expression in the hippocampi of a rat and correlated this overexpression of HMGB1 and TLR4 to the pathogenesis of MTLE in immature rats ([@B153]). In addition, the role of HMGB1 and its receptors (RAGE and TLR4), including the pro-inflammatory cytokine IL-1β, in generating and perpetuating seizures is well documented ([@B156]). Pharmacological and genetic studies on animal and clinical brain specimens showed that translocation and release of HMGB1 occurs in the pathological epileptogenic focus of different type of epilepsy ([@B85]; [@B59]). It is worth noting that HMGB1/TLR4 axis not only reduced seizure frequency and duration, but also accelerated seizure onset, which usually occurs within minutes in kainite and bicuculline-induced seizure models implicating the important role of HMGB1 in the precipitation of the first seizure after a pro-convulsant administration ([@B85]). Abnormal extracellular HMGB1 might contribute to the pathophysiology of epilepsy-related hyperexcitability as evidenced by study on PRNCs demonstrate a surge in extracellular HMGB1 approximated seizure initiation, establishing HMGB1 as a key pathophysiological contributor to the onset of epilepsy-related hyperexcitability (**Table [3](#T3){ref-type="table"}**) ([@B63]).

###### 

Summary of findings reporting HMGB1 in epilepsy.

  S.N.   Intervention                  Model                                                        Mechanism                                                                                                              Observations                                                                                                                                                             Reference
  ------ ----------------------------- ------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------
  1      HMGB1                         KA-induced seizure in mice                                   • Targeting HMGB1/TLR4 axis                                                                                            • ↑ Frequency of seizure and total duration • Seizure can be ↓ by TLR4 and HMGB1 antagonists                                                                             [@B85]
  2      Anti-HMGB1 mAb                Acute seizure (MES and PTZ); Chronic seizure by KA in mice   • Inhibition of HMGB1 translocation                                                                                    • ↓ Seizure threshold; ↓ time in tonic--clonic seizures and ↓ death • Delayed onset of generalized seizures; ↓ seizure stage; ↓ incidence of tonic seizures              [@B158]
  3      Molecular isoforms of HMGB1   Electrically induced Se in rats                              • Activation of HMGB1/TLR4 axis                                                                                        • ↑ level of HMGB1 and its acetylated and disulphide isoforms in blood                                                                                                   [@B137]
  4      HMGB1                         Pilocarpine-induced SE in rats                               • Regulation of P-gp expression via RAGE/NF-κB inflammatory signaling pathways                                         • ↓ The expression levels of MDR1A/B mRNA and P-gp protein                                                                                                               [@B147]
  5      HMGB1                         KA-induced epilepsy in rats                                  • Modulation of glutamate metabolism                                                                                   • ↑ Extracellular HMGB1 suggesting contribution of HMGB1 in epilepsy related hyperexcitability • Translocation of HMGB1from nucleus to cytosol after KA administration   [@B63]
  6      HMGB1                         Pilocarpine-induced epilepsy in rats                         • Targeting HMGB1 via TLR4/NF-kB signaling pathway                                                                     • Inhibit the development of AE-related epilepsy • Suppression of HMGB1 expression • MiR-129-5p mediated TLR4/NF-kB signaling pathway ameliorated AE-related epilepsy    [@B81]
  7      Anti-HMGB1 mAb                Pilocarpine-induced SE in mice                               • Inhibition of HMGB1 release and inflammation                                                                         • Protection of BBB permeability; ↓ HMGB1 translocation • ↓ Latency and frequency of stage 5 seizures                                                                    [@B38]
  8      Molecular isoforms of HMGB1   Human                                                        • Evaluation of HMGB1 isoforms as mechanistic biomarkers of epileptogenesis in sera obtained from epileptic patients   • HMGB1 isoforms in the brain and blood were changed • Expression of disulphide HMGB1 in newly diagnosed epilepsy patients                                               [@B137]

S.N., serial number; ↑, increased; ↓, decreased; BBB, blood--brain barrier; Pgp,

P

-glycoprotein; MES, maximal electroshock seizures; KA, kainic acid; PTZ, pentylenetetrazol; HMGB1, high mobility group box 1; EEG, electroencephalogram; MDR1A/B, multidrug resistance protein 1A/B; RAGE, receptor for advanced glycation end products; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; miR-129-5p, micro RNA-129-5p; qRT-PCR, quantitative real-time polymerase chain reaction; AE, autoimmune encephalitis; mAb, monoclonal antibody; PRNCs, primary rats neural cells

.

TLR4 activation in neurons and astrocytes by HMGB1 proteins is a key mechanism of seizure generation and blocking TLR4 signaling using an antagonist could also reduce the severity of epilepsy ([@B59]). Investigation on post-surgery patients with intractable epilepsy revealed increased levels of HMGB1, TLR4, RAGE, NF-κB, p65 and inducible nitric oxide synthase (iNOS) in the brain of the epilepsy group as well as increased levels of IL-1, IL-6, TNF-α, TGF-β, and IL-10 in epilepsy patients ([@B116]).

Targeting HMGB1/TLR4/RAGE signaling for epilepsy has gained more attention in recent years. MicroRNA-129-5p inhibited the development of autoimmune encephalomyelitis (AE)-related epilepsy by HMGB1 expression and inhibiting the TLR4/NF-κB signaling pathway ([@B81]). HMGB1 and TLR4 antagonists slowed seizure precipitation, prevented acute and chronic seizure recurrence in C57BL/6 mice as well as reported increased expression of HMGB1 and TLR4 in human epileptogenic tissue, which is similar to a mouse model of chronic seizures and suggest a role for the HMGB1-TLR4 axis in human epilepsy ([@B85]). Thus, HMGB1/RAGE/TLR4 signaling might contribute toward the generation and perpetuation of seizures (**Figure [4](#F4){ref-type="fig"}**) in humans and can be successfully targeted to attain anti-convulsant effects in epilepsies which are resistant to drugs. The expression level of HMGB1 was significantly elevated in the hippocampus and cortex after 24-h in a KA-induced model of SE, which suggests that the HMGB1 protein has a key role in epilepsy ([@B136]). HMGB1 enhances hypothermia induced seizures and contributes to the pathogenesis of febrile seizure. However, the precise mechanism of HMGB1 in febrile seizures remains unclear ([@B60]).

![HMGB1/TLR4/RAGE signaling in epilepsy. HMGB1 released from glia and neuronal cells in the CNS, activates its main receptor (TLR4 and RAGE) and contributes to epileptogenesis possibly via BBB disruption and activation of neuroinflammatory pathways.](fnins-12-00628-g004){#F4}

Limited data is available regarding evaluation of therapeutic benefits of HMGB1 inhibitors in animal models of epilepsy. However, glycyrrhizin demonstrates neuroprotection against lithium/pilocarpine-induced SE in rats, as well as ameliorates pilocarpine-induced oxidative injury and inflammatory responses via suppressing IL-1β and TNF-α, ([@B46]) but did not demonstrate anti-epileptic activity. Dynamic changes in HMGB1 expression in the hippocampus of the mouse brain was reported after KA administration and glycyrrhizin exerts neuroprotective but not anti-epileptic effects via suppressing both acute and delayed HMGB1 inductions in the hippocampal cornu ammonis (CA)1 and CA3 region as well as its accumulation in serum ([@B84]).

Anti-HMGB1 mAb demonstrated an anti-seizure effect as evident by the lack of a disruption on the physical EEG rhythm and basic physical functions as it prevents the translocation of HMGB1 from nuclei following a seizure. This anti-seizure effect was not observed in TLR4 knockout mice (**Table [3](#T3){ref-type="table"}**) ([@B158]). Moreover, anti-HMGB1 mAb also demonstrated a disease-modifying anti-epileptogenic effect on epileptogenesis after SE, as evidenced by a reduced seizure frequency and improved cognitive function ([@B158]). The minimization of seizure frequency and duration can be achieved by inhibitors of HMGB1 which is supposed to act via targeting the HMGB1/RAGE/TLR4 axis and retard seizure precipitation via inhibition of HMGB1 translocation, protection of BBB integrity. In a similar line, anti-HMGB1 mAb exhibited inhibitory effects on the BBB leakage and pilocarpine-induced HMGB1 translocation. As well as prevented the BBB permeability and reduced HMGB1 translocation (**Table [3](#T3){ref-type="table"}**) ([@B38]). [@B158] evaluated the anti-epileptic effect of anti-HMGB1 mAb on human brain slices from clinical drug-resistant epilepsy patients (**Table [3](#T3){ref-type="table"}**) where anti-HMGB1 mAb binds to HMGB1 and demonstrate long-lasting anti-epileptic properties, which is consistent with the previously estimated long half-time elimination in the brain ([@B157]).

Extensive research highlights the putative role of HMGB1 in seizure generation, increased expression level of HMGB1 in epileptic brain ([@B19]) retardation of seizure precipitation by HMGB1 inhibitors ([@B158]) implicating that HMGB1 is involved in all aspect from seizure generation to seizure retardation making HMGB1 as a strong candidate to be a reliable biomarkers for epileptogenesis. Moreover, the prevailing prognostic markers for seizure recurrence and seizure remission in patients diagnosed with epilepsy are solely based on supplementary factors including age, seizure type, EEG, and MRI, but are limited in their accuracy ([@B104]). Earlier study recommended HMGB1 isoforms as a mechanistic biomarkers for epileptogenesis where they investigate the value of blood HMGB1 in predicting epilepsy development as well as differentiating epileptogenic from non-epileptogenic rats after SE ([@B137]). HMGB1 as a biomarker of epileptogenesis will eventually provide a deeper insight on the normal biologic processes, pathogenic processes, or responses to an exposure or intervention, including therapeutic interventions with broad applications that are clinically able to arrest disease progression or to improve its clinical course. Moreover, precise understanding of mechanistic pathway on how HMGB1 induce seizure via inflammatory signaling will play a vital role in designing new therapies targeting inflammatory pathways to minimize seizures. However, the association between HMGB1 and seizure needs further exploration. Overall findings suggest that blocking the HMGB1/TLR4/RAGE regulatory axis may represent a novel method for treating epilepsy.

Role of HMGB1 in Cognitive Dysfunction
======================================

Cognition refers to a collection of cognitive phenomenon such as learning and memory, attention, executive function, consciousness, and language ([@B87]). Cognitive dysfunction is among the most prevalent and debilitating features highly associated with epilepsy ([@B27]), PD ([@B62]), AD ([@B29]). The precise mechanism of cognitive dysfunction is not well understood, though there is an increased understanding about chronic activation of cytokine-dependent inflammatory signaling contributing to neuronal dysfunctions manifesting as cognitive deficits ([@B25]). In addition, increased brain cytokine signaling impairs learning and memory ([@B26]). Moreover, neuroinflammation has been reported to cause memory impairments as evidenced by an experimental study where LPS administration cause memory impairment via inducing neuroinflammation ([@B72]). Several study has been reported where cognitive impairment has been ameliorated via alleviating neuroinflammation ([@B40]).

The main focus of the topic is HMGB1, which is an initiator and amplifier of neuroinflammatory process. HMGB1 has been implicated in impairing memory via mediating RAGE and TLR4 ([@B86]) however, the exact mechanism of HMGB1 in cognitive decline is limited. HMGB1 exhibits pro-excitatory effects in the hippocampus by elevating the phosphorylation of NR2B-NMDA receptors ([@B85]), and thus increasing the receptor calcium channel conductance ([@B134]). NR2B-containing NMDA receptors prevent cell surface expression of the GluR1 subunit of the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor ([@B66]), which has a key role in both synaptic plasticity and memory ([@B110]), including the NORT ([@B113]). In the adult brain, NR2B decreases the span of retrovirus-associated DNA sequences (Ras)/extracellular signal-regulated kinases (ERK) activation pathway ([@B66]), which might also contribute to memory impairment ([@B145]). Remarkably, the same mechanism that modulates the seizure-facilitating effect of HMGB1 (i.e., the activation of NR2B-containing NMDA receptor) might be simultaneously involved in facilitating learning deficits. Recombinant HMGB1 impaired memory encoding in wild type (WT), TLR4 knockout and RAGE knockout animals, but no effect was observed either on memory consolidation, nor retrieval. Moreover, memory deficits was not exhibited on TLR4 knockout nor RAGE knockout mice *per se*. Blockade of TLR4 in RAGE knockout mice using *Rhodobacter sphaeroides* LPS attenuated the memory function impaired by HMGB1([@B86]). The upregulation of microglia and systemic HMGB1 levels were correlated with cognitive dysfunction ([@B124]). IL-1 modulation has been implicated to ameliorate LPS-induced cognitive dysfunction, however, IL-1 blockade ameliorated cognitive decline by reducing microglia without affecting HMGB1 ([@B124]).

Plausible detrimental effects of HMGB1 on memory may have broad clinical implications. In an experimental model of chronic cerebral hypoperfusion (CCH), HMGB1 neutralization attenuates hippocampal neuronal death and cognitive impairment where anti-HMGB1 neutralizing Ab exerts long-time positive effects on hippocampal CA1 neuronal survival and cognitive abilities in the chronic phase of CCH as well as preserves BBB integrity, and suppresses hippocampal glial activation, pro-inflammatory cytokine production ([@B51]). Anti-HMGB1 mAb has ameliorated the symptoms and phenotype of AD in an experimental model where mAb against HMGB1 completely rescued cognitive impairment in a mouse model via inhibiting neurite degeneration even in the presence of amyloid beta (Aβ) plaques. The recovery in the memory impairment was evidenced by Y-maze test ([@B39]).

Post-operative cognitive dysfunction is probably the most frequent type of postoperative cognitive impairment and the pathophysiology of POCD remains incompletely understood ([@B47]). HMGB1 has been extensively studied against POCD. Possible role of neuroinflammation mediated by HMGB1, RAGE, and S100B (a class of DAMPs) was hypothesized in the pathophysiology of POCD, however, the relationship between HMGB1 or S100B or RAGE signaling and cognitive dysfunction was not completely confirmed ([@B79]). HMGB1 and RAGE levels were remarkably upregulated after surgery and HMGB1 is supposed to cause cognitive decline via breaking BBB permeability, however, study did not conclude either BBB is disrupted after surgery and relationship between HMGB1 and cognitive decline cannot be ascertained as the study did not selectively block HMGB1 using mAb ([@B50]). Administration of endogenous HMGB1 proteins produced cognitive decline in mice and neutralized HMGB1 mAb ameliorated cognitive decline and inhibited the inflammatory response after tibial surgery, suggesting a initiating role for this mediator in POCD (**Table [4](#T4){ref-type="table"}**) ([@B128]). As well as clinical data obtained from patients undergoing gastrointestinal surgery showed that serum HMGB1 and IL-6 levels was elevated post-surgery, and the increased post-operative HMGB1 and IL-6 levels were associated with the cognitive decline the occurs 1-week post-surgery (**Table [4](#T4){ref-type="table"}**) ([@B80]). Oral pretreatment of glycyrrhizin inhibited HMGB1 cytosolic expression, alleviates the surgery-Induced HMGB1 upregulation in the hippocampus of the mice and attenuated the severity of post-operative memory impairment, as evidenced by the shorter swimming latency and distance in MWM trials ([@B17]). The therapeutic benefits of HMGB1 have been explored in sepsis survivors where HMGB1 mediates cognitive dysfunction in a murine model of severe sepsis survivors ([@B16]). Administration of neutralizing anti-HMGB mAb to survivors, beginning 1 week after the onset of peritonitis, significantly ameliorate memory impairments and brain pathology.

###### 

Summary of findings reporting HMGB1 in cognitive dysfunction.

  S.N.   Intervention   Model   Mechanism                                                                                  Observation                                                                                                                                                   Reference
  ------ -------------- ------- ------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------
  1      HMGB1          Mice    • Activation of inflammatory pathways by stimulating RAGE and TLR4                         • ↑ Brain levels of HMGB1 induce cognitive abnormalities and are mediated by either TLR4 or RAGE.                                                             [@B86]
  2      HMGB1          Mice    • Activation and trafficking of circulating bone marrow-derived macrophages to the brain   • POCD can be prevented by minimizing the effects of HMGB1 • A neutralizing antibody to HMGB1 protein reduced memory dysfunction                              [@B128]
  3      HMGB1          Mice    • Neuroinflammation mediated by HMGB1 and RAGE                                             • Expression of HMGB1, RAGE and NF-κB p6 ↑ after surgery. • HMGB1 and RAGE signaling modulate the hippocampal inflammatory response                           [@B68]
  4      HMGB1          Rat     • HMGB1 and RAGE signaling                                                                 • HMGB1 and RAGE ↑ in the hippocampus of operated animals • HMGB1 interrupt and regulate the inflammatory response associated with the pathogenesis of POCD   [@B50]
  5      HMGB1          Human   • Interaction between APOE-ε4 and HMGB1                                                    • HMGB1 showed an association with ↓ cortical thickness • APOE-ε4 and HMGB1 are responsible for extensive cortical thinning in MCI.                           [@B34]
  6      HMGB1          Human   • POCD induced via inflammatory response                                                   • HMGB1, IL-6 levels ↑ in patients after surgery • Elevated levels of HMGB1, IL-6 might be associated with cognitive dysfunctions after surgery               [@B80]

S.N., serial number; ↑, increased; ↓, decreased; HMGB1, high mobility group box 1; TRL4, toll like receptor 4; RAGE, receptor for advanced glycation end products; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TEM, transmission electron microscopy; IHC, immunohistochemistry; MCI, mild cognitive impairments; APOE-ε4, Apo lipoprotein E ε4; IL-6, interleukin-6; POCD, post-operative cognitive dysfunctions

.

Cognitive decline induced by epilepsy is supported by number of previous studies ([@B70]). Earlier studies documented selective deficits in memory encoding in TLE ([@B115]). The plausible role of HMGB1 in epilepsy induced cognitive dysfunction has not yet been reported, though administration of anti-HMGB1 mAb in mice delayed epilepsy onset as well as ameliorated cognitive functions ([@B158]). However, the precise role of HMGB1 protein in epielpsy induced cognitive dysfunction has not yet been reported. In order to obtain a precise understanding, it is necessary to perform a longitudinal studies to investigate the levels of HMGB1 in epileptic animal models and concurrently undertake behavioral studies to assess the cognitive function of the animals and evaluate the expression pattern of HMGB1 throughout the study.

There are very few clinical studies that have been conducted till date regarding the effectiveness of anti-HMGB1 mAb on ameliorating cognitive dysfunction in patients. [@B34] earlier reported that an interaction between HMGB1 and APOE-ε4 is associated with cortical thinning in MCI. This interaction was observed by studying genomic DNA extracted from peripheral blood and the plasma HMGB1 was measured with an ELISA kit (**Table [4](#T4){ref-type="table"}**) ([@B34]). In human brain slice studies obtained from surgical resection of clinical drug-resistant epilepsy patients, anti-HMGB1 mAb demonstrated an attenuation of cognitive function as well as a disease-modifying anti-epileptogenesis effect, which is indicated by reduction in seizure frequency ([@B158]).

HMGB1: Translational Implication
================================

Recent investigation shed more light on multiple roles of HMGB1 in a diverse range of pathologies such as brain injury, epilepsy, and neuroinflammation and cognitive decline. Treatments based on HMGB1 antagonists via targeting extracellular HMGB1 have generated encouraging results in a wide number of experimental models of aforementioned HMGB1 mediated pathologies, though the clinical studies are yet to be reported. However, complex biology of HMGB1 has not been fully understood yet and there is a notion that association between HMGB1 and brain injury, epilepsy, neuroinflammation mediated pathologies and cognitive decline requires deeper exploration, as the precise mechanism of on how HMGB1 mediates these neurological conditions are yet to be well documented. Despite of that, the identification of HMGB1 inhibitors results in significant experimental and clinical interest. Moreover, HMGB1 as a common biomarker of TBI, neuroinflammation, epileptogenesis and cognitive decline might be instrumental in assessing the disease progression, early prediction of disease as well as evaluating patient's response to therapy. Translational implication of HMGB1 will be a paradigm shift, which will not only overcome the limitation of currently available AEDs, improve the cognitive decline as well. Moreover, via inhibiting the neuroinflammatory pathways HMGB1 can ameliorate several brain injuries and neuroinflammation mediated pathologies. More precisely, inhibiting HMGB1/RAGE/TLR4 pathway represents a promising approach which can interfere with disease progression in epileptogenesis, neuroinflammatory disease, several forms of brain injury as well as memory impairment. The focus of the topic is TBI, neuroinflammation, epilepsy and cognitive decline, however, blocking HMGB1 might achieves significant neuroprotection in several forms of neurodegenerative disorders where neuroinflammation plays a crucial role. Future strategy should be focused on exploring several HMGB1 antagonist which can efficiently interact with the main HMGB1-receptor, RAGE, acting as competitive antagonists of HMGB1, such as recombinant box A (the truncated N-terminal domain of HMGB1) or S100P-derived RAGE peptide ([@B93]).

Summary Of Findings and Conclusion
==================================

Neuroinflammation has been implicated in ranges of neurological disorders such as TBI, epilepsy and memory impairment. HMGB1 being the mediator of neuroinflammation has been reported to play crucial role in TBI, neuroinflammatory diseases and epileptogenesis via an unknown mechanism. As well as elevated level of HMGB1 in serum and CSF has been observed in these neuroinflammation mediated pathologies. These strengthens the rationale of our study in suggesting HMGB1 as a common biomarker in TBI, neuroinflammation, epilepsy and cognitive decline. Biomarker discovery together with investigations into novel therapeutic candidates would give a noteworthy headway in the treatment of TBI, epilepsy, memory impairment and neuroinflammation via acting on its mechanistic pathway rather than symptomatic control. In current review, an attempt was made to connect the dots between HMGB1 and its putative role in several forms of brain injury, neuroinflammation mediated conditions, epilepsy and cognitive decline using preclinical and clinical evidence.

Several important limitations regarding the topic should not be ruled out, such as feasibility and viability issues in making HMGB1 a common functional biomarker for neuroinflammation mediated pathologies discussed herein. Can inhibiting HMGB1/RAGE/TLR4 axis be a common target for these neurological conditions? Can therapeutic outcomes obtained from experimental evidence regarding the role of HMGB1 in all these neurological conditions be easily translated into clinical settings? These are the concerns that remains unsolved as more experimental data are yet to come.

Despite accumulating scientific evidence of HMGB1 in the neuroinflammation mediated conditions discussed in current review, no attempt has been made in portraying HMGB1 as common biomarker and target for these HMGB1 mediated neurological conditions. We suggest, HMGB1 proteins can be considered as a promising non-invasive, common biomarker of TBI, neuroinflammation, epilepsy and cognitive dysfunction as it meets many criteria to stand as a common biomarker. It is relatively stable in blood and can be rapidly and inexpensively measured in blood. Moreover, changes in the total HMGB1 levels in the brain during neurological conditions discussed herein, can be mirrored in the blood.

As a concluding remark, drawing evidence from earlier preclinical and clinical studies, the current review advances the concept of positioning HMGB1 as common functional biomarker that can significantly improve risk assessment, diagnosis and monitoring of the neurological diseases discussed in this review. As well as HMGB1 can emerge as a novel avenues against TBI, neuroinflammation, epilepsy and cognitive deficits which acts by blocking the neuroinflammatory pathway.
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AD

:   Alzheimer's disease

APOE-ε4

:   Apo lipoprotein E-ε4

BBB

:   blood--brain barrier

BDNF

:   brain derived neurotropic factor

BLA

:   basolateral amygdala

COX-2

:   cyclooxygenase-2

CREB

:   CAMP response element binding

CXCR4

:   chemokine receptor type 4

DAMPs

:   damage-associated molecular patterns

DNA

:   deoxyribonucleic acid

EEG

:   electroencephalogram

GABA

:   gamma amino butyric acid

GEPRS

:   genetically epilepsy prone rats

GLUR2

:   glutamate receptor 2

GRIA2

:   glutamate receptor ionotropic AMPA 2

HMGB1

:   high mobility group box 1

IHC

:   immunohistochemistry

KA

:   kainic acid

KIR4.1

:   inwardly rectifying potassium channel 4.1

LTP

:   long-term potentiation

MiR-129-5p

:   micro RNA-129-5p

MS

:   multiple sclerosis

MWM

:   Morris water maze

NORT

:   novel object recognition test

PAMPs

:   pathogen-associated molecular patterns

PD

:   Parkinson's disease

POCD

:   post-operative cognitive dysfunction

PRNCs

:   primary rats neural cells

PRR

:   pattern recognition receptor

PTZ

:   pentylenetetrazol

RAGE

:   receptor for advanced glycation end Products

RAS

:   retrovirus-associated DNA sequences

ROS

:   reactive oxygen species

SE

:   status epilepticus

TBI

:   traumatic brain injury

TEM

:   transmission electron microscopy

TGF-β

:   transforming growth factor-β

TLE

:   temporal lobe epilepsy

TLR4

:   toll-like receptor 4

TNF-α

:   tumor necrosis factor-α.
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